Abstract 428 nm forward lasing action was observed from a femtosecond laser filament in air created by Ti:sapphire laser pulses. The 800 nm femtosecond laser filament not only provides a source for population inversion between two vibrational levels (B 2 + u (0) and X 2 + g (1)) of N + 2 but also generates a 428 nm seed from filament-induced white light. This simple technique will find more applications in standoff spectroscopy.
Introduction
Femtosecond laser filamentation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] can be targeted at a long distance via controlling the laser parameters, such as beam diameter, divergence, and pulse duration. Lasing action from femtosecond laser filamentation has recently attracted a great deal of research interest [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] mainly due to its promising applications in standoff spectroscopy. Different types of lasing action have been demonstrated. Luo et al [12] for the first time reported the ASE (amplified spontaneous emission) type of gain from backward fluorescence of N 2 molecules from an 800 nm laser filament in air in 2003. In the latter work, ASE from N 2 and N + 2 was detected. More recently, backward ASE was also found in water vapor molecules in air through detecting the filament-induced backward OH fluorescence [13] . This type of lasing or gain is incoherent. The emission is randomly polarized. Recently, a series of work has been undertaken using femtosecond mid-infrared (MIR) laser pulses to create a filament in gases [14] [15] [16] [17] . The MIR laser pulses were generated from an optical parametric amplifier pumped by a Ti:sapphire laser system. The lasing actions from MIR filament-induced ionic N 2 (N + 2 ) [14, 16] and ionic CO 2 (CO + 2 ) [15] have been observed. These lasing actions are coherent. The lasing polarization is dependent on the self-generated harmonic seed (third-order or fifth-order harmonic of the pump pulse) [14] [15] [16] . Similar lasing action is also observed by using Ti:sapphire laser pulses (centered at ∼800 nm) and their second harmonic [18, 19] . The second harmonic of 800 nm served as a first-order harmonic seed for the forward lasing action. The scheme combining a femtosecond filamenting pulse and another heater pulse is also proposed to generate atmospheric lasing [20, 21] . The mechanism of spontaneous population inversion in a gaseous molecular filament for lasing (gain) is proposed based upon the high (clamped) intensity inside the filament [22] . This • 800 nm UV fused silica mirror. BD is the beam dump and IS is the integrating sphere.
high laser intensity inside the filament induced a nonlinear (multiphoton) pumping process. The pump photons together with the self-generated harmonic photons of the pump laser would contribute to this nonlinear process leading to spontaneous population inversion. This type of nonlinear pumping using intense femtosecond (broad bandwidth) laser pulses seems universal [22] . So far, all the observations on coherent lasing mentioned above are based on a complicated system (OPA pumped by Ti:sapphire laser) or complicated experimental schemes (two beams). The 800 nm laser filament itself is very rich in the range of wavelengths that can be generated inside it due to intensity clamping [6] . Because of this phenomenon, not only ultraviolet and blue components but also red-shifted components can be very efficiently generated in the forward direction [23] [24] [25] .
In this letter, we demonstrate the coherent forward lasing action at 428 nm from only a Ti:sapphire (800 nm) femtosecond laser filament in air. The laser filament not only created spontaneous population inversion but also generated a seed at 428 nm from the self-induced white light.
Experimental method and setup
The experiments were performed by using a 10 Hz/45 fs/ 800 nm laser pulse (beam diameter ∼1 cm) from a commercial Ti:sapphire laser system (figure 1). The laser pulse energy can be tuned up to 15 mJ through the combination of a thin film polarizer and a half-wave plate. The filament was created in air using a 22 cm focal length lens. After the filament, a 45 • 800 nm UV fused silica mirror was used to filter out the filamenting pulse and let the UV emission pass through. This UV emission was collected by a 10 cm focal length UV fused silica lens and sent to an integrating sphere, which was connected to an ICCD spectrometer by a fiber for spectral analysis. The laser filament-induced fluorescence was also collected by a pair of lenses and focused to a fiber detector from the side and then measured by the spectrometer. A cubic polarizer was inserted in front of the integrating sphere/fiber head for the emission polarization measurement.
Experimental results and discussion
Spectral measurement results from side and forward detection are shown in figures 2(a) and (b), respectively. The pulse energy was fixed at ∼8.5 mJ in the measurements. The spectral structures in the two cases are clearly different. Figure 2(a) depicts the typical fluorescence spectrum covering the signals from the first negative band system of N + 2 (B 2 + u − X 2 + g transition) and the second positive band system of N 2 (C 3 u − B 3 g transition) [26] [27] [28] . In the forward detection ( figure 2(b) ), there is only a very strong ∼428 nm (427.8 nm) spike sitting on the UV plateau of the filament-induced white light. This 428 nm lasing action is from the transition of B 2 + u (0) to X 2 + g (1) of N + 2 [29] . The fluorescence signal shown in figure 2(a) is too weak in the forward direction compared to the strong white light and lasing emission. After zooming in to the spectral range of 415-435 nm, one can see an asymmetrical spectral structure around 428 nm in the fluorescence from the side (figure 2(c)), which is the typical structure due to several transitions between vibrational levels [26] [27] [28] . The spectral spike in figure 2(d) is much more clean and symmetrical. This is typical for lasing action or gain. The bandwidth of this lasing pulse is ∼0.3 nm (FWHM), which corresponds to a Fourier-Transform-limited pulse duration of 0.9 ps. The lasing pulse energy was around µJ level under ∼8.5 mJ pump through the estimation of the spectral intensity. In the following experiments, we focused on this forward lasing action. The peak signal around 428 nm was chosen as lasing signal in the following analysis. The intensity of white light at 428 nm was also estimated by using a fit line as shown figure 2(d) .
In order to further confirm this lasing action, polarization measurement was performed by inserting a cubic polarizer in front of the integrating sphere (figure 1). The result is compared with the polarization of the filamenting pulse (800 nm), which was characterized before laser filamentation. As shown in figure 3(a) , the polarization of this 428 nm lasing action together with the polarization of the white light both have the same polarization property as the pump pulse, which well agrees with previous observations using MIR filamenting pulses [14] [15] [16] . The polarization of fluorescence is randomly polarized (not shown here) [14] . Pump energy dependence measurement was also performed. The result is shown in figure 3(b) . Under low filamenting pulse energy (<5 mJ in our case), there is no lasing action detected. Above a certain value, the higher the filamenting pulse energy is, the stronger the white light signal at 428 nm is; the 428 nm lasing signal is then much stronger.
The mechanism of this forward lasing action is ascribed to the stimulated amplification of white light seed at 428 nm due to the population inversion generated between two vibrational levels of N + 2 [22] . Here the 800 nm laser filament plays two roles. On the one hand population inversion between B 2 + u (0) − X 2 + g (1) is created inside the femtosecond laser filament; on the other hand, filamentinduced white light at 428 nm seeds into this transition. Then forward lasing occurs. The polarization property of the forward lasing should be the same as those of the white light seed and the 800 nm pump pulse, which is confirmed by the polarization measurement. The forward lasing should also be dependent on the pump pulse energy. Under low pump energy, filament-induced white light is rather weak. The population inversion effect is also limited. That is the reason why the forward lasing was not detected under low pump energy. This forward lasing action is also a highly nonlinear process. Once the filamenting energy is high enough, the lasing signal will be much stronger. This also agrees with our observation.
Conclusion
In summary, we observed 428 nm forward lasing action from an 800 nm laser filament in air. The laser filament not only creates population inversion between vibrational levels of N + 2 , but also generates a seed of 428 nm from the white light itself leading to stimulated amplification forward lasing action. This self-seeded forward lasing action from only one 800 nm laser filament provides a much simpler tool compared with the MIR wavelength or two beams, and should find more applications for remote experiments. acknowledges the support from the 100 Talent Program of the Chinese Academy of Sciences. We thank Mr M Martin for technical support.
Note added in proof. Note that after the submission of our manuscript we became aware of two other independent works reporting self-seeded lasing action from 800 nm femtosecond laser filaments in pure nitrogen or air [30, 31] . Liu et al observed the gas pressure has a significant role on the lasing intensity and the spatial profile [30] . Chu et al measured the pulse duration of the 428 nm lasing at ∼2.6 ps [31] .
